In order to survive within the human host, both commensal and pathogenic bacteria must acquire iron, an essential cofactor of enzymes involved in many biological processes, including energy production (17) . However, these bacteria are faced with the challenge that virtually all of the extracellular iron found in the human host is tightly bound to high-affinity iron-binding proteins (5) such as lactoferrin (2) and transferrin (19) . In order to survive and multiply in this iron-restricted environment, bacteria have evolved efficient mechanisms to acquire iron from host sources. Some organisms express siderophores, which are low-molecular-weight, high-affinity iron chelators that compete directly with host iron-binding factors (8, 22, 25) . Other bacteria synthesize outer membrane receptors that recognize host molecules or proteins which contain iron (24) , including heme (4, 9, 15, 23) , lactoferrin (3, 32, 33) , and transferrin (1, 6, 7, 12, 16, 21, 30, 31, 34) . The best-studied examples of the latter class include both the pathogenic Neisseria species and Haemophilus influenzae, which bind iron-loaded host proteins directly to their cell surfaces. It has been established that H. influenzae can utilize a number of compounds as iron sources for growth in vitro, including ferric salts, heme, and iron-loaded human transferrin (26, 36) . Utilization of the latter serum glycoprotein as a source of iron has been shown to involve two outer membrane proteins, designated Tbp1 and Tbp2, which have apparent molecular masses of approximately 100 and 70 to 90 kDa, respectively, as determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (13, 30, 31) . It is also known that these proteins are expressed in vivo (12) and that their expression, at least in vitro, is regulated by iron (11, 30) or heme (20) .
Recent analyses of the Tbp1 outer membrane protein expressed by pathogenic Neisseria species revealed that this polypeptide is homologous to TonB-dependent proteins (7, 16) . This particular class of outer membrane proteins has been shown to be involved in the uptake and utilization of several nutrients or growth factors, including iron bound to siderophores (18, 27) . In Escherichia coli, the TonB protein is anchored in the cytoplasmic membrane and spans the periplasm to contact outer membrane proteins involved in energy-dependent transport processes. Energy transfer catalyzed by the TonB protein results in the release into the periplasm of the ligand bound by the TonB-dependent outer membrane protein. By analogy with the gonococcal and meningococcal Tbp1 proteins, the Tbp1 protein of H. influenzae is also likely a TonB-dependent protein that would function to facilitate the energy-dependent transfer of transferrin-derived iron across the outer membrane.
Direct evidence for the involvement of a TonB protein in the utilization of transferrin-bound iron by Neisseria gonorrhoeae and Neisseria meningitidis is still lacking because the neisserial tonB gene has not been identified to date. In contrast, the availability of the cloned H. influenzae tonB gene (14) presented the opportunity to investigate directly the possible involvement of TonB in the utilization of transferrin-bound iron by this pathogen.
Construction of a tonB mutant. A tonB mutant of nontypeable H. influenzae (NTHI) strain TN106 (Table 1 ) was constructed by transforming the wild-type NTHI strain with the 4.9-kb EcoRI insert from pGJ342 (14) . This cloned NTHI TN106 DNA segment contains a chloramphenicol acetyltransferase (cat) gene inserted within the tonB gene, and it was previously used to construct tonB mutants of H. influenzae type b (Hib) strains by transformation and allelic exchange (14) . Transformants were selected on brain heart infusion (Difco Laboratories, Detroit, Mich.) agar plates supplemented with NAD (10 g/ml), protoporphyrin IX (PPIX) (20 g/ml), and chloramphenicol (0.5 g/ml), which were incubated overnight at 37ЊC in an atmosphere of 95% air-5% CO 2 . PPIX was used in place of heme because a previous study (14) revealed that tonB mutants of H. influenzae, which cannot utilize heme for aerobic growth, can satisfy their heme requirement by synthesizing heme from PPIX and iron via the activity of the enzyme ferrochelatase (10, 35) . One of the chloramphenicol-resistant transformants, designated TN106.42 (Table 1) , was selected for further testing and was shown to be unable to utilize heme or heme-containing compounds for aerobic growth. As seen before with Hib tonB mutants (14) , this NTHI tonB mutant could be complemented by the recombinant plasmid pGJ300, which contains the wild-type NTHI TN106 tonB gene.
Effect of the tonB mutation on utilization of transferrinbound iron. In addition to the wild-type strain TN106 and the tonB mutant strain TN106.42, three other TN106.42-derived transformant strains were tested for their ability to utilize iron bound to transferrin. These contained the shuttle vector pLS88, the recombinant plasmid pGJ300 with a wild-type tonB gene, or plasmid pGJ342 with the mutated tonB gene (Table  1) .
Each strain was grown into the mid-logarithmic phase (10 9 CFU/ml) in brain heart infusion broth supplemented with NAD (10 g/ml) and PPIX (20 g/ml). These cells were harvested by centrifugation at 12,000 ϫ g for 10 min at 4ЊC and washed twice with unsupplemented brain heart infusion broth, and 10 7 CFU was spread onto the surface of WSJM agar plates prepared as described previously (38) except that this medium lacked ferric nitrate and contained NAD (10 g/ml), PPIX (2 g/ml), and the iron chelator ethylenediamine di(o-hydroxyphenylacetic acid) (Sigma Chemical Co., St. Louis, Mo.) at a 100 M final concentration. Sterile filter paper disks (4-mm diameter) were then placed onto the surface of the agar and loaded with 10 l of phosphate-buffered saline (PBS), ferric ammonium citrate (5.2 mg/ml), or iron-loaded human transferrin (Sigma Chemical Co.) (20 mg/ml). These plates were incubated as described above for 24 to 36 h.
As expected, no growth was visible around the disks that had been loaded with PBS, whereas all five strains were able to utilize ferric ammonium citrate as an iron source for growth (Fig. 1) . In contrast, while the wild-type strain (Fig. 1A) was able to grow around the disk containing transferrin as the source of iron, the tonB mutant strain TN106.42 (Fig. 1B) was not. When a wild-type tonB gene was present in trans in this mutant [strain TN106.42(pGJ300); Fig. 1D ], the presence of the functional tonB gene allowed the utilization of iron bound to transferrin and growth of the mutant. The presence of the shuttle vector pLS88 (Fig. 1C) or a mutated tonB gene in trans (Fig. 1E) did not allow the utilization of transferrin-bound iron by the tonB mutant. This deleterious effect of the tonB mutation on utilization of transferrin-bound iron was also observed when a Hib strain (DL302) and its isogenic tonB mutant (DL302.42) were tested in this same system, with only the wild-type Hib strain being able to grow around the disk containing the iron-loaded transferrin (data not shown). Again, provision of the wild-type tonB gene in trans allowed this mutant [DL302.42(pGJ300)] to utilize transferrin-bound iron (data not shown). These results indicate that utilization by H. influenzae of transferrin as an iron source requires an intact tonB gene. Neisseria species (1, 7, 16 ), utilization of transferrin-bound iron by H. influenzae likely involves the binding of this serum glycoprotein to the bacterial cell surface via the Tbp1 and Tbp2 proteins (31) . To determine whether the tonB mutation might have affected this binding ability, a dot blot transferrin binding assay was performed (30, 31) . Cell paste from cultures of the five strains described above grown on brain heart infusion agar plates supplemented with NAD (10 g/ml), PPIX (2 g/ml), and the iron chelator Desferal (desferoxamine mesylate; Ciba-Geigy Ltd., Basel, Switzerland) (30 M) was spotted onto Whatman No. 40 filter paper and dried at 37ЊC for 1 h. E. coli HB101 (28) was utilized as a negative control and was grown on Luria-Bertani agar plates (28) . After incubation with Tris-buffered saline, pH 7.4, FIG. 1 . Utilization of transferrin-bound iron as the sole iron source for growth by wild-type, mutant, and transformant strains of H. influenzae. Logarithmic-phase cells of the wild-type NTHI strain TN106 (A), the tonB mutant strain TN106.42 (B), the transformant strain TN106.42(pLS88) (C), the transformant strain TN106.42(pGJ300) (D), and the transformant strain TN106.42(pGJ342) (E) were spread onto WSJM agar plates supplemented as described in the text. Paper filter disks placed onto the surfaces of the plates were loaded with PBS (a negative control), ferric ammonium citrate (FAC), or ironloaded human transferrin (TF), and the plates were incubated as described in the text. containing 0.5% (wt/vol) nonfat dry milk for 1 h, the filters were incubated with horseradish peroxidase-conjugated human transferrin (Jackson Immunoresearch Labs, West Grove, Pa.) for 4 h at room temperature. Following three 15-min washes with Tris-buffered saline, the blots were developed by incubating the filters in Tris-buffered saline containing 0.01% hydrogen peroxide and 4-chloro-1-naphthol (2 mg/ml). The E. coli strain did not bind transferrin at detectable levels, as expected (Fig. 2) . In contrast, all five of the H. influenzae strains tested, including the tonB mutant TN106.42, were able to bind transferrin (Fig. 2) . These results indicate that although the tonB mutation eliminated the ability of H. influenzae to utilize transferrin as a source of iron for growth in vitro (Fig. 1) , this phenotype was not the result of an inability of the tonB mutant to bind transferrin to its cell surface.
Binding of transferrin by an H. influenzae tonB mutant. By analogy with the pathogenic
In H. influenzae, an intact tonB gene is required for acquisition of heme from a variety of sources in vitro (14) . In this report, we have demonstrated that a functional H. influenzae tonB gene is also required for H. influenzae to grow with transferrin as the sole source of iron. Thus, the utilization of transferrin-bound iron by H. influenzae appears to be a TonBdependent process, from which it can be inferred that one or more TonB-dependent outer membrane proteins (e.g., Tbp1 or Tbp2) involved in this process likely exist. This likelihood is reinforced by the fact that the Tbp1 outer membrane protein involved in the utilization of transferrin-bound iron by N. gonorrhoeae and N. meningitidis has been shown to have the characteristics of a TonB-dependent protein (7, 16) . Similarly, we have recently identified a 79-kDa H. influenzae outer membrane protein that is involved with the utilization of heme and which appears to be a member of the TonB-dependent class of outer membrane proteins (5a). Final determination of whether the H. influenzae Tbp1 protein is also a TonB-dependent outer membrane protein will necessarily have to await the cloning and subsequent analysis of the genes encoding the transferrinbinding proteins of H. influenzae.
